Yeasts and mycelia o f the pathogen Candida albicans grown in the presence of polyoxin D, a competitive inhibitor of chitin synthase, formed chains of swollen bulbous cells as observed by fluorescence microscopy. Wheat germ agglutinin (WGA) complexed to colloidal gold (Au) was used as a specific label at the ultrastructural level to visualize chitin in walls of control and polyoxin-treated cells. In control cells, Au-WGA labelling was preferentially localized in the innermost wall layers and was predominant at bud scars and septa. After 4-5 h in 4 mM-polyoxin D, budding in yeasts and lateral wall growth in mycelia continued, but primary septa failed to form and no Au-WGA labelling was detected in the walls. These results demonstrated that the morphological alterations caused by polyoxin D were due to the absence of chitin, a wall component important for formation of primary septa and for maintenance of structural integrity during morphogenesis.
I N T R O D U C T I O N
Secondary fungal infections associated with immunocompromising diseases and/or immunosuppressing medications present an increasing medical problem because most currently used antifungal drugs have toxic side-effects on the host (Meunier-Carpentier et al., Bodey & Fainstein, 1985) . One approach to antifungal chemotherapy has been to exploit the fact that chitin, a characteristic component of fungal cell walls (Bacon, 1981) , is not found in human tissues (Muzzarelli, 1977) ; thus inhibitors of chitin synthesis and/or assembly should be specific and affect only fungal cell growth. Polyoxins (Isono et al., 1967) are excellent candidates for antifungal drugs because they inhibit chitin synthesis (Endo et al., 1970; Ohta et al., 1970) . Polyoxin D , a strong competitive inhibitor of chitin synthase owing to its structural similarity to UDP-N-acetylglucosamine (Hori et al., 1971) , has been shown to inhibit growth of Candida albicans (Becker et al., 1983) , one of the most prevalent of the opportunistic pathogens. This report also described the effects of polyoxin D on the growth and morphology of Candida (Becker et al., 1983) , using light microscopy. In the presence of the antibiotic, budding yeasts did not form septa but instead formed chains of swollen, osmotically sensitive cells. This altered morphology was interpreted as the result of inhibition of chitin incorporation into growing cell walls, thus weakening the walls and making them susceptible to lysis.
Here we extend these observations to the ultrastructural level by labelling chitin with wheat germ agglutinin complexed to colloidal gold. Our aims were to (1) visualize the location of chitin in dimorphic forms of C . albicans and ( 2 ) determine what effect polyoxin D has on the distribution of chitin in the cell walls. (Polysciences, Inc.) in phosphate-buffered saline, pH 7.0, containing 0.5% (w/v) agar at 40 "C. For microscopic observations, 6p1 of the suspension was placed between a glass slide and coverslip and allowed to cool. Fluorescence was observed with a Leitz Orthoplan microscope equipped with a xenon-mercury lamp and a Phloem illuminator using an exciting filter BP 340-380, a beam splitting mirror RKP 400 and a suppression filter LP 430. Micrographs were taken on Kodak Tri-X Pan film at exposure times of 4-10 s.
Preparation of colloidal gold-wheat germ agglutinin. Colloidal gold (Au) was prepared according to Frens (1 973).
Briefly, 3 ml of freshly prepared 1 % (w/v) sodium citrate, pH 8.5, was added to 50 ml deionized water boiling under reflux. After 5 min, 0-5 ml of 1 % (w/v) chloroauric acid (ICN Pharmaceuticals) was added and boiling continued for 15 min. The Au solution was cooled and centrifuged at 12 lOOg for 15 min at 4 "C. The Au particles were 12.84 2 1-0 nm in diameter.
Wheat germ agglutinin (WGA; Pharmacia) complexed to Au was prepared and thin sections of yeasts and mycelia were labelled as described by Roberts et al. (1983) . Controls consisted of floating sections on the following solutions: Au without WGA, and Au-WGA in the presence of chitin.
Transmission electron microscopy. Yeasts and mycelia were processed by the method of Arnold as cited by Garrison (1981) . Cell pellets incorporated into 2% (w/v) agar at 40 "C were solidified and cut into 1 mm3 blocks.
Cells in the blocks were exposed to 5 % (w/v) potassium permanganate for 2 min, dehydrated quickly in 25 % and 50% (v/v) ethanol and then through an alcohol series. The blocks were embedded in Spurr's medium (Spurr, 1969) and sectioned with a Diatome diamond knife on a Reichert Ultramicrotome Om U3. Thin sections except where stated were poststained with methanolic uranyl acetate and lead citrate and were examined with either a Zeiss EM 9 S-2 operated at 50 kV or a Hitachi H-600 operated at 75 kV.
As a control for Au-WGA labelling, yeast cells fixed in the G-0-T-0-U (glutaraldehyde, osmium, tannic acid, osmium, uranyl acetate) procedure (Persi & Burnham, 1981) were sectioned, labelled with Au-WGA, and examined as stated above.
RESULTS

Fluorescence light microscopy
Yeastphase. Morphological effects of polyoxin D on yeast cells and mycelia were readily seen by staining the cell wall with Calcofluor white M2R, a fluorescent brightener that binds to plinked glucans and chitin (Maeda & Ishida, 1967; Hayashibe & Katohda, 1973) . Cells cultured in Lee's medium, pH 4.5, at 37 "C for 4.5 h were maintained in the yeast phase and formed ellipsoidal buds. Yeast cell walls were faintly fluorescent while the narrow constriction corresponding to the septum between the mother cell and bud exhibited intense fluoresence (Fig. 1 a) . Although polyoxin D did not inhibit bud formation, the mother-bud junction in drugtreated cells was wider and less fluorescent (Fig. lb) than in control cells. After 24 h in the antibiotic, yeasts formed chains of weakly fluorescent cells, which remained attached to the more intensely fluorescent mother cell (Fig. 1 c) . cell, heavily labelled septum occurred 1 pm distal to mother cell. At a comparable position in the drugtreated cell, labelling of the mother cell wall was terminated, cytoplasm showed evaginations (thin arrows) and wall showed small projections (thick arrows). Note nucleus (N) in both mother cell and tube. Bars, 1 pm.
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Mycelialphase. When the pH of the culture medium was shifted to 6.8, cells formed linear, elongated germ tubes of uniform diameter. Brightly fluorescent septa occurred at irregular intervals along the tube length (Fig. 1 d ) . In the presence of polyoxin D, the germ tubes formed a chain of bulbous, swollen cells with one or two weakly fluorescent bands often appearing at constrictions in the tubes (Fig. le) . During a 24 h exposure to polyoxin D, the chain of cells continued to lengthen, the diameter of the cells progressively increasing towards the growing tip (Fig. If) .
Transmission electron microscopy
Yeasts and mycelia fixed in KMnO, exhibited thick multilayered cell walls (Fig, 2a) . The outermost fibrillo-granular layer merged into and often was indistinguishable from an electrondense second layer. A less electron-dense third layer contained amorphous areas of varying electron densities. The fourth layer was not always apparent or was discontinuous (Fig. 2 b) and appeared as a narrow electron-dense lamella flanked by two thicker and less electron-dense layers 3 and 5 . Layer 5 was characterized by its electron-transparent matrix with interspersed granules of medium electron density. The innermost highly electron-dense layer was narrow but sharply demarcated ; it was closely appressed to the underlying tortuous plasma membrane and formed the matrix in the interstices of the membrane invaginations.
Colloidal Au-WGA labelling was specific to the cell walls and was localized predominantly in the inner wall layers 4-6 (Fig. 2b) . At the dome-shaped bud scar (Fig. 2c) , layers 2 , 3 and 4 were not apparent and the primary septum (Shannon & Rothman, 1971 ; Cabib, 1975) appeared as an electron-transparent hemispherical rim directly beneath the outermost fibrillo-granular layer 1. The heaviest intensity of Au-WGA labelling occurred at the bud scar in close proximity to the boundary of layer 1 (Fig. 2 4 . A similar electron-transparent area was found in the median of mycelial cell junctions (Fig. 2e) where the outer electron-dense layers of the lateral walls were conspicuously absent. Au-WGA labelling was most dense at the mycelial septa (Fig. 2f) , analogous to the heavy labelling of septa in budding yeasts.
The specificity of the Au-WGA label for the cell wall was demonstrated on cells processed by two different fixation procedures. In cells fixed with KMnO, (Fig. 3a) and G-0-T-0-U (Fig. 3b) labelling was confined to the wall and concentrated most heavily at the bud scar (Fig. 3a) and mother-bud septum (Fig. 3 b) . Colloidal gold without WGA (Fig. 3c ) and Au-WGA-chitin aggregates ( Fig. 3 4 did not bind specifically to the wall of thin-sectioned cells.
Efects ofpolyoxin D on Au-WGA labelling
Budding yeasts showed Au-WGA labelling in walls of both the mother cell and bud with more extensive labelling in the thicker walls of the mother cells (Fig. 4a) . Labelling was totally absent from the walls of incipient buds in yeasts treated for 4.5 h in polyoxin D (Fig. 46) . Although the walls of the bud were less thick than those of the mother cell, there were no discernible differences in number or arrangement of layers in the walls of the bud after drug treatment. Similarly, Au-WGA labelling was found in both mother cell and germ tube walls of control cultures (Figs 4c and 5a) but not in polyoxin D-treated germ tubes (Figs 4 d and 5 b) . The latter also lacked true septa, which usually formed 1-2 pm distal to the mother cell-mycelial junction in control cultures (Figs 4c and 5a) . At this same relative position in drug-treated mycelia, the following morphological alterations were observed. (a) Cell walls often expanded to form the bulbous cells (Fig. 4 d ) that were evident by fluorescence light microscopy ( Figs 1 e and 1 f) . The apparent lack of a bulbous projection in Fig. 56 is an artifact of the plane of sectioning, since light microscopy invariably reveals bulbous cells. (b) The cytoplasm in this region often exhibited slight invaginations (Fig. 4 d ) or evaginations (Fig. 5b). (c) The Au-WGA labelling evident in the mother cell ended abruptly (Fig. 5b) or was present as an isolated cluster in an unlabelled segment of the germ tube wall (Fig. 4 4 . ( d ) The lateral walls showed discontinuities and projections similar in appearance to the protruding rims of bud scar annuli (Fig. 5 b) . (e) The cytoplasm in this vicinity contained numerous small vesicles and membranous profiles (Fig. 5 b) .
D I S C U S S I O N
Wheat germ agglutinin, a plant lectin that binds to p-( l-+N-acetyl-D-glucosamine units (Goldstein et al., 1975) , complexed to colloidal gold was used as an indirect marker for chitin (Horisberger & Vonlanthen, 1977; Roberts et al., 1983) on thin-sectioned cell walls. Chitin was visualized previously in yeast walls by using WGA complexed to chitobiosyl ferritin (Tronchin etal., 1981) and to colloidal gold (Horisberger & Vonlanthen, 1977; Molano et al., 1980; Roberts et af., 1983) . In accordance with these findings, we observed that Au-WGA labelling was specific for C. albicans walls and was localized primarily in the inner electron-transparent wall layers and most densely in the septa of buds and mycelia. Chitin is known to be a major component of fungal septa (e.g. Cabib & Bowers, 1971; Horisberger & Vonlanthen, 1977; Molano et al., 1980; Tronchin et al., 1981 ; Gow & Gooday, 1983; Gooday & Gow, 1983) . It had been suggested that the electron-transparent primary septum (Shannon & Rothman, 197 1) of yeasts and filamentous fungi corresponds to a single chitin-rich plate (Cabib & Bowers, 1971 ; Cabib et al., 1974; Hunsley & Gooday, 1974) , bounded at both sides by a glucan-chitin layer (secondary septum) that is continuous with the inner layers of the peripheral wall (Kreger-Van Rij & Veenhuis, 1971 ). Although we did observe that the Au-WGA labelling of the inner wall layers extended into the septum, we did not observe preferential labelling of the electrontransparent area in the septum; therefore, our data are more consistent with the recent model for the hyphal septum of C. albicans proposed by Gooday & Gow (1983) . In this model, the septum is composed of two juxtaposed chitin-rich plates continuous with the innermost layers of the lateral wall and separated by an electron-transparent area of unknown composition.
The fact that Au-WGA preferentially labelled the inner wall layers supported the concept of coaxial stratification of wall components in fungi. The ultrastructural images of the cell walls of Candida have revealed a multilayered arrangement (FarkaS, 1979 ; Wessels & Sietsma, 1981) , although the number of layers may vary with fixation procedure and thus range from 5 to 8 layers (Djaczenko & Cassone, 1971 ; Cassone et al., 1973; Persi & Burnham, 1981 ; Poulain et al., 1978 Poulain et al., , 1981 . Interpretation of this stratification is difficult due to artifacts inherent in electron microscopic methods (Wessels & Sietsma, 198 1) and because contrast differences resulting from selective retention of electron-dense stains may not reflect actual chemical differences in the layers (Garrison, 1981) . However, since chitin occurs in association with glucan and mannan polymers and protein in C . albicans walls (Chattaway et al., 1968) , it might be anticipated that these components are distributed in the layers visible by electron microscopy. To probe the association between ultrastructural appearance and chemical composition, Candida walls have been cytochemically stained (Venezia & Lachapelle, 1973 ; Horisberger & Vonlanthen, 1977; Poulain et al., 1978 Poulain et al., , 1981 Tronchin et al., 1981) and wall components selectively extracted and enzymically hydrolysed (Chattaway et al., 1976; Cassone et al., 1978; Gow & Gooday, 1983; Gooday & Gow, 1983; Evron & Drewe, 1984) , and the data have been integrated into a hypothetical model for Candida wall architecture. In this model, amorphous antigenic mannans and mannoproteins comprise the outer electron-dense layers and inner wall matrices, while the inner electron-transparent layers contain the crystalline skeletal polysaccharides glucan and chitin responsible for mechanical strength (FarkaS, 1979) . In corroboration of this model, we found Au-WGA labelling for chitin localized predominantly in the inner electron-transparent wall layers.
That chitin is a major contributor to wall stability is shown by our results with polyoxin D, an inhibitor of chitin synthase (Endo et al., 1970; Ohta et al., 1970) . Earlier studies had shown that treatment of fungi with polyoxin D led to swelling of fungal cell walls or to lysis (Endo et al., 1970; Bowers et al., 1974; Cabib & Bowers, 1975; Hector & Pappagianis, 1983; Becker et al., 1983) . This loss of structural integrity was thought to be due to the absence of chitin, which prevented septum formation and led to a weakening of the walls. The results in the present study confirmed that, in the presence of polyoxin D, septa did not form and chitin was not incorporated into the walls of C. albicans. Although septa were not formed either in buds or in mycelia, wall growth itself was not inhibited and ultrastructural appearance of the walls was not altered by the antibiotic. Budding continued but chains of cells failed to separate, and germ tubes grew as a series of swollen segments unseparated by true septa. The presumptive septa1 area in treated germ tubes was marked by cytoplasmic and lateral wall alterations and accumulation of vesicles, but primary septum formation was inhibited by the absence of chitin. These results confirmed that although chitin is not necessary for wall formation, it is an essential component for normal morphogenesis, maintenance of structural integrity and formation of primary septa.
